Near-infrared imaging polarimetry in the J, H, and K s bands was carried out for GGD 27 in the dark cloud Lynds 291. Details of an infrared reflection nebula associated with the optical nebulosity GGD 27 and the infrared nebula GGD 27 IRS are presented. Aperture photometry of 1263 point-like sources, detected in all three bands, was used to classify them based on a color-color diagram, and the linear polarization of several hundred sources was determined, with the latter used to map the magnetic field structure around GGD 27. This field, around GGD 27 IRS, appears to be associated with the extended CO outflow of IRAS 18162-2048; however, there are partly distorted or bent components in the field. The Chandrasekhar-Fermi method gives an estimate of the magnetic field strength as ∼90 μG. A region associated with GGD 27 IRS is discovered to have a circular polarization in the range of ∼2%-11% in the K s band. The circular polarization has an asymmetric positive/negative pattern and extends out to ∼ 120″ or 1.0 pc. The circular and linear polarization patterns are explained as resulting from a combination of dense inner and fainter outer lobes, suggesting episodic outflow.
INTRODUCTION
The giant molecular cloud complex Lynds 291 in Sagittarius (Lynds 1962 ) is a site of active star formation, with approximate dimensions of 20 pc × 80 pc, located at a distance of approximately 1.7 kpc. The mass of the cloud is approximately ☉ M 1.3 10 5 in 12 CO. The northern part of the cloud is dominated by the H II region IC 1284 and the two reflection nebulae NGC 6589 and NGC 6595. The southwestern edge of the cloud consists of a high extinction ridge with numerous dense cores that are being compressed by an expanding H I bubble energized by OB stars and possibly by several past supernova explosions. Star formation is active all along the ridge. A well studied source is IRAS 18162-2048, which drives the luminous Herbig-Haro objects HH 80-81. The HH 80-81 system, discovered by Reipurth & Graham (1988) as a highly collimated radio continuum jet, extends out to 18.4 pc (Masqué et al. 2012) at an angular position of  20 (Martí et al. 1993) .
One important part of the Lynds 291 cloud is the region around the reflection nebula GGD 27 and the Herbig-Haro objects HH 80-81. This region contains several young stellar objects (YSOs) and outflows, which are often associated with infrared nebulosity. The optical nebula GGD 27, located at the southwestern edge of a dark lane extending in the northwestsoutheast direction of Sagittarius, exhibits CO bipolar flow corresponding to the HH 80-81 system with blue-and redshifted lobes extending, from the central source, 2.3 pc to the south and 3 pc to the north. It has a circumstellar disk elongated in the east-west direction (Yamashita et al. 1987) . Near GGD 27 lies the infrared reflection nebula GGD 27 IRS discovered by Yamashita et al. (1987) . They used K-band aperture mapping polarimetry with a beam of 8″ to show that the illuminating source of the infrared reflection nebula is IRS 2 (IRAS 18162-2048). Tamura et al. (1991) and Aspin et al. (1991) performed K-and H-band imaging polarimetry with infrared arrays of 0 78 and 0 6 pixel −1 , much higher spatial resolution than that of Yamashita et al. (1987) . All three previous polarimetric studies covered a relatively limited field of view of no more than ∼ ´ 150 110 . In recent years, imaging linear polarimetry has been used widely to investigate the environments of YSOs, while imaging circular polarimetry has been used far less. Our previous studies, which have included a systematic near-infrared survey of circular polarization in star-forming regions of various luminosities, presented the relationships between luminosities, extents, and the degree of circular polarization. We found that a high degree of circular polarization, generated in some starforming regions, was consistent with a dichroic extinction mechanism (Chrysostomou et al. 2007; Fukue et al. 2009; Kwon et al. 2013 Kwon et al. , 2014 . Therefore, it is important to extend this survey for various star-forming regions, in particular bipolar nebulae such as GGD 27 IRS, and to determine how often significant circular polarization is observed.
In this paper, new deep-and wide-field near-infrared imaging polarimetry for GGD 27 IRS is presented, as part of an ongoing JHK s polarimetry survey of star-forming regions. The observations are described in Section 2 and the data analysis in Section 3. The results of imaging and aperture polarimetry are presented in Section 4, and the magnetic field structure related to the star-forming activity in the GGD 27 IRS region is discussed, together with the illuminating sources for the infrared reflection nebulae. In addition, the results of circular polarimetry of GGD 27 IRS are presented for the first time. A concluding summary is given in Section 5.
OBSERVATIONS
Observations in the direction of GGD 27 IRS were carried out using the SIRPOL imaging polarimeter at the Infrared Survey Facility (IRSF) 1.4 m telescope at SAAO in South Africa. It consists of a single-beam polarimeter (an achromatic half-wave plate rotator unit and a polarizer) and an imaging camera (Nagayama et al. 2003) . The camera, SIRIUS, has three 1024 × 1024 HgCdTe IR detectors. The Facility enables deep wide-field (7 7 × 7 7 at a scale of 0 453 pixel −1 ) simultaneous imaging polarimetry in the JHK s bands (Kandori et al. 2006) .
Linear polarimetry was performed on the night of 2006 March 14. Exposures of ten seconds were made at four waveplate angles (0°, 45°, 22°. 5, and 67°.5) at 10 dithered positions per set. The same sequence of observations was repeated three times for the target object and for the sky background to increase the signal-to-noise ratio (S/N). The total integration time was 300 s per wave-plate angle. The typical seeing (the full width at half-maximum of the point-spread function) was approximately 1 5 (∼3.3 pixels) in the J band.
In addition to the linear polarimetry observations, IRSF/ SIRPOL was used to make circular polarimetry observations. To do this, SIRPOL was equipped with a stepped achromatic quarter-wave plate. An achromatic half-wave plate was continuously rotated above the quarter-wave plate, thereby smearing out any linear polarization present. The instrumental circular polarization was less than 0.3% for approximately 100% of incident linearly polarized light. Circular polarimetry observations of the GGD 27 IRS regions were made on the nights of 2008 July 24 and 2014 March 21. Exposures of ten seconds were made at two waveplate angles (0°and 90°) for 10 dithered positions per set, and the sequence of observations was repeated 21 times for the target object and for the sky background. The total integration time was 2100 s per wave-plate angle, and the stellar seeing size during the observations was 1 5-1 9 (3.3-4.3 pixels) in the J band. Color composite Stokes I image of the GGD 27 IRS region in the J (blue), H (green), and K s (red) bands from IRSF/SIRPOL observations. The thin red, green, and blue lines around the perimeter are the boundaries of the Stokes I images associated with each band. There are bad pixel clusters near the upper left and upper right corners and near the middle of the right boundary. See Tamura et al. (1991) and Aspin et al. (1991) for the identification of other notable infrared sources. The inset shows the bright inner shell with a U-shape in the northern lobe and a bright knot, a part of the bright inner shell, in the southern lobe. Arrows indicate nebulosity tails discussed in Section 4.2. The data were processed using IRAF in the conventional manner, including dark-field subtraction, flat-field correction, median sky subtraction, and frame registration. The remaining artificial stripe pattern was removed using IDL. The pixel coordinates of point-like sources found in the reduced images were matched with the celestial coordinates of their counterparts in the 2MASS point-source catalog (PSC). The IRAF IMCOORDS package was applied to the matched list to obtain plate transform parameters. The rms uncertainty in the coordinate transformation was approximately 0 1. Figure 1 shows a JHK s color composite Stokes I image of an 8 0 × 8 0 region around GGD 27 IRS. The observed field is slightly larger than the field of view of the camera because of dithering.
ANALYSIS

Photometry
The IRAF/DAOPHOT package was used for source detection (Stetson 1987) . The DAOFIND program automatically detected point-like sources with peak intensities greater than s 15 above the local sky background, where σ is the rms uncertainty. The automatic detection procedure misidentified some spurious sources, which were removed by visual inspection. Then the IDL photometry package adapted from DAOPHOT was used to perform aperture photometry. An aperture radius of 4 pixels was used in all three bands, and the radius of the sky annulus was fixed at 10 pixels with a width of 5 pixels.
The Stokes I for each point-like source was calculated using
The color and magnitude of the photometry were transformed into the 2MASS system using
where MAG IRSF is the instrumental magnitude from the IRSF images and MAG 2MASS is the magnitude from the 2MASS PSC. The parameters were determined by fitting the data using a robust method of least absolute deviation. Aperture polarimetry of point-like sources in the GGD 27 IRS region was carried out on the combined intensity images for each wave-plate angle at 10 dithered positions per set, instead of using the Stokes Q and U images because the centers of the sources cannot be determined satisfactorily in those images. From the aperture photometry for each wave-plate image, the Stokes parameters for each point-like source were derived as where I a is the intensity with the half-wave plate oriented at a°. The aperture and sky radii were the same as those used in the aperture photometry of the Stokes I images. The degree of polarization P and the polarization position angle θ can be calculated as
where dP is the uncertainty in P 0 . Since the degree of polarization P is positive, the derived P values tend to be overestimated, especially for sources with a low S/N. Equation (6) was used to correct for this bias (Wardle & Kronberg 1974) . To calculate the errors q err in the polarization position angles, q » 28 . 6 err dP P assuming  dP P was applied (Serkowski 1974, p. 361 ). Polarimetry of the extended sources in the GGD 27 IRS region was carried out using the Stokes I, Q, and U images, derived from Equations (1) and (4), as Note. In this paper, sources with d > P P 3 are used.
(This table is available in its entirety in machine-readable form.)
Finally, the degrees of polarization P aperture and P extended and the polarization position angle θ were corrected using the polarization efficiencies and correction angle of SIRPOL, respectively. The polarization efficiencies were 95.5%, 96.3%, and 98.5% in the J, H, and K s bands, respectively. As described by Kwon et al. (2010 Kwon et al. ( , 2011 Kwon et al. ( , 2015 , SIRPOL has been routinely used since 2006 and the instrumental polarization is negligible (Kandori et al. 2006 ; also see Kusune et al. 2015 for updates).
Circular Polarimetry
The Stokes V and I parameters were obtained using Table 2 ). Sources 662 and 1261 are located in the GGD 27 IRS nebula, and sources 819 and 641 are located near the nebula. Dotted-dashed lines: empirical upper limits P max (Jones 1989 ). . Relationship between degrees of polarization (P J , P H , and P Ks ) for the 164 sources detected in all three bands. Among the 164 sources, four sources are excluded from the fitting because their errors are larger than the median degree of polarization in one of three bands. A strong correlation between the degrees of polarization is evident. All values are given as percentages (%). Dashed line: general power law l » l -P k 1.8 for interstellar polarization (Nagata 1990; Martin et al. 1992 ). Dotted line: linear least-squares approximation.
The degree of circular polarization was then calculated as
and it was corrected using the polarization efficiencies of SIRPOL, and the standard deviations of 3 × 3 pixel distributions of P circular are used to determine the error of circular polarization.
RESULTS AND DISCUSSION
Magnetic Field Structure in the GGD 27 IRS Region
One of the problems related to stellar formation concerns the competition between magnetic and turbulent forces (Mac Low 
& Klessen 2004
). Therefore it is important to collect magnetic field information in star-forming regions. One method of tracing magnetic fields in dense cloud core regions is nearinfrared polarimetry. Previous observational and theoretical studies have shown that near-infrared polarimetry is useful for measuring the dichroic polarization of background stars and embedded sources seen through dense clouds due to the lower extinction at these wavelengths (Davis & Greenstein 1951; Vrba et al. 1976; Wilking et al. 1979; Tamura et al. 1987; Ward-Thompson et al. 2000; Cho & Lazarian 2005; Andersson & Potter 2007 Kandori et al. 2007; Lazarian 2007; Hough et al. 2008 ; Kusakabe et al. 2008 ; Kwon et al. 2010 Kwon et al. , 2011 Kwon et al. , 2015 Andersson et al. 2011 Andersson et al. , 2013 Hoang & Lazarian 2014; Hoang et al. 2015) .
In spite of the existence of a prototypical outflow and jet, no observations have previously been made of the magnetic field structures in this region. Both dichroic extinction and scattering processes contribute to the polarization of embedded sources in the GGD 27 IRS region. It is shown here how multiwavelength photometry can discriminate between the two mechanisms and how multiwavelength polarimetry can diagnose dust properties by showing the relationship between the polarization, extinction, and color.
Source Classification and Identification
The magnetic field structure of molecular clouds can be inferred from the near-infrared polarization produced by the dichroic extinction of background stars and embedded YSOs. However, some young objects in clouds also exhibit a substantial degree of intrinsic polarization produced by circumstellar material. A random selection of stars in the direction of a starforming dense cloud at a distance of approximately 1.7 kpc is likely to produce heavily reddened background stars, a mixture of lightly reddened foreground stars, and YSOs within the cloud showing a large infrared excess. They can be distinguished using multiwavelength photometry as follows. Figure 2 is a color-color diagram for 1263 sources simultaneously detected in all three bands of Stokes I. The diagram is divided into three domains, allowing sources to be classified into a few groups (Lada & Adams 1992) . Sources in domain A are either field stars or YSOs with little infrared excess and substantial reddening. Domain B is adjacent to domain A in the direction of higher -H K s (to the right) and above the locus of classical T Tauri stars. Sources in domain B are pre-main-sequence stars with infrared excess emission from circumstellar material. Domain C, adjacent to and to the right of domain B, contains infrared protostars and Class I sources. Based on JHK s photometry, 1226 of the sources are in domain A, 34 in domain B, and three in domain C. Therefore, the majority of our sources are background stars and large intrinsic polarizations are unlikely for these.
Polarization Efficiencies and Near-infrared Dichroic Polarimetry
This section discusses the relationship between near-infrared color and degree of polarization. Jones (1989) has suggested the following empirical relation for the upper limit of the 
where h = 0.875 and ( ) -E H K is the reddening arising from extinction. Figure 3 shows the relationship between the -H K s color and the degree of polarization for the 359, 424, and 232 sources having d > P P 3 in the J, H, and K s bands, respectively. As shown in the figure, most of the sources are within this limit; the few sources above the P max limit have large uncertainties or they are located in the reflection nebula. The value of the slope ( )
H s is comparable to that tracing the magnetic fields in other star-forming regions (Kusakabe et al. 2008; Kwon et al. 2015) . The slopes of
are approximately 7.0 and 3.9, respectively. The similar slopes suggest that near-infrared polarimetry is a good tracer of magnetic field structures in the GGD 27 IRS region. The near-infrared polarization-to-extinction efficiency of the point-like sources in the GGD 27 IRS region is consistent with that caused by aligned dust grains in the dense interstellar medium. Therefore, the nearinfrared polarizations of these sources are probably dominated by dichroic extinction from dust grains aligned with the magnetic field, and the intrinsic polarization, if any, does not significantly affect the observed degree of polarization. However, this result does not completely exclude the possibility that some of the sources have intrinsic polarization because depolarization is also possible.
In addition to the relationship between the near-infrared color and the degree of polarization, there is a relationship between the degrees of polarization (P J , P H , and P K s ) for sources having d > P P 3 in all three bands. Figure 4 shows a strong correlation between these degrees of polarization, which again supports the dichroic origin of the near-infrared polarization.
Wavelength Dependence of Interstellar Polarization
The wavelength dependence of the polarization can be used to separate the contribution of dichroic extinction from that of any scattering from circumstellar material. In the near-infrared, the polarization due to extinction decreases with wavelength, whereas the polarization due to scattering is not a strong function of wavelength (e.g., Whittet et al. 1992; Casali 1995) . Figure 4 shows that there is a correlation between the degrees of polarization P J , P H , and P K s consistent with the general power law l » l -P k 1.8 for interstellar polarization (Nagata 1990; Martin et al. 1992 ). Figure 5 plots the ratio of J to K s polarizations and the ratio of H to K s polarizations for sources in the GGD 27 IRS region. There are two groups that exhibit slightly different behavior. One group has -< H K 0. 
P
, where l = 1.6-2.0, and show flattening toward longer wavelengths (Nagata 1990; Martin et al. 1992) . Therefore, the polarization of sources having d > P P 3 in all three bands can be explained by dichroic extinction. We conclude that most, if not all, of the aperture polarimetry of the point-like sources traces magnetic field structures in GGD 27 up to » A 35 V mag based on the color-color diagram.
Magnetic Field Trends
Figures 6-8 are polarization vector maps of point-like sources having d > P P 3 superposed on the Stokes I images. Figure 9 plots the relationship between the polarization position angle and the degree of polarization for sources having d > P P 3 simultaneously detected in all three bands. For the sources with d > P P 3, the position angles (, , J H K s ) are consistent with each other in almost all cases (Figure 10 ). This supports the use of near-infrared polarizations to trace the magnetic field structures in the GGD 27 IRS region. Therefore, the following discussion of magnetic field structures will be principally limited to the H-band data of Figure 7 because these data have the largest number of samples useful for tracing the magnetic fields in the GGD 27 IRS region. Figure 11 shows histograms and Gaussian fits for the JHK s polarization position angles of sources having d > P P 3. Particular magnetic field directions can be identified from the distribution of position angles. Each of the three histograms has two peaks, with the most notable peak at 30°-40°. To test for a systematic gradient in the magnetic field orientation, the GGD 27 IRS region is divided into six subregions in Figure 7 , and Figure 12 presents histograms of the polarization position angles in each of these. The histograms in Regions 1-3 show a peak at 30°-40°, consistent with the peak in the full imaged field, whereas the histograms in Regions 4-6 exhibit other trends. In preparing these histograms, sources having polarizations larger Figure 11 . Histograms of the polarization position angles for the J, H, and K s bands. All of the sources in Table 2 having detectable polarization are included. Dotteddashed curves: Gaussian fits. The peak angle and dispersion are 32°. 1 and 27°. 7 for J, 38°. 7 and 24°. 9 for H, and 41°. 3 and 21°. 1 for K s . than 8% were excluded, because they are affected by the nebulosities of GGD 27 IRS.
The mean angles in each subregion are summarized in Table 3 . Region 1 is the northern part of the core, which presumably traces the magnetic field in the northern part of the outflow. It has well aligned vectors for the magnetic field direction in the northern part of the GGD 27 IRS region. The mean angle is~ 44 with a standard deviation of 18°. Region 2 is off-core but the vectors in that region remain well aligned. Its mean angle of~ 53 with a standard deviation of 12°is a bit smaller than that of Region 1. Regions 3-6 show larger angle dispersions than those of Regions 1 and 2. Region 3 is the central part of the core including GGD 27 IRS. The vectors in Regions 4-6 appear to be affected by other clouds; the mean angles are approximately 129°, 59°, and 84°, respectively. Region 4 is the southern part of the core, which presumably traces the magnetic field in the southern part of the outflow. Region 5 is another off-core portion, and Region 6 is the eastern part of the core. The existence of other clouds is evident in Figure 13 . In the optical image, the blue dotted box indicates the field of observation. Within that field, the west side of GGD 27 IRS is crowded, whereas the east side is obscured by a dark cloud.
There are many protostars, Class I/II, Class II, and YSOs in the observed field. However, their polarizations are mostly undetected (see Figure 8) .
Magnetic Field Strength
The method of Chandrasekhar and Fermi can be used to estimate the magnetic field strength by statistically comparing the dispersion in the polarization orientation, although the Notes. θ is an average value of polarization position angles for sources having d > P P 3 in each band. a M. F. is used as an abbreviation for a magnetic field. Since the Chandrasekhar-Fermi formula, modified by a factor of 0.5, provides accurate estimates of the planeof-sky field strength for strong fields (when dq <  25 ), the magnetic field strength is estimated using the standard deviation of the angle dispersion dq in the H band when the angle dispersion is small. Figure 13 . Optical image of HH 80-81 and GGD 27-28 by Martí et al. (1993) . A composite VLA 6 cm map of the HH 80-81 system is superimposed on the image. Our near-infrared field of view is indicated by the blue dotted box. polarization measurements do not provide a direct estimate of the magnetic field strength at each data point in an image (Chandrasekhar & Fermi 1953) . Ostriker et al. (2001) has suggested that  » 0.5 is a good approximation when the angle dispersion is small (say  dq  25 ), based on numerical simulations. Houde (2004) has proposed that a correction factor of ∼0.5 is appropriate when the magnetic field is not too weak. Assuming that the velocity perturbations are isotropic, the magnetic field strength projected on the plane of the sky can be expressed as
where is a factor accounting for averaging effects, ρ is the mean density of the cloud, dv los is the rms line-of-sight velocity, and dq is the dispersion in the polarization angle. To estimate a magnetic field strength in the GGD 27 IRS region, a correction factor of 0.5 is adopted here because the magnetic field appears to be ordered. Then Equation (12) can be rewritten as
where n H 2 is the number density of hydrogen molecules and Dv is the linewidth. Based on observations of dense C 18 O (with = -J 1 0), Saito et al. (1999) estimated a local H 2 density of n H 2 =1.1 10 4 cm −3 . They also estimated a linewidth of Dv = 1.8 km s −1 in the GGD 27 IRS region. Using these values with the standard deviation of 18°found in Region 1, the magnetic field strength projected on the plane of the sky is calculated as » B 90 p μG (see Table 3 ). Other regions in the core have larger dispersions in the polarization direction, and so their field is less by a factor of 2-3. The estimated magnetic field strength in the GGD 27 IRS region is similar to that in other molecular clouds (namely 20-200 μG) derived using the Chandrasekhar-Fermi method (Andersson & Potter 2005; Poidevin & Bastien 2006; Alves et al. 2008; Kwon et al. 2010 Kwon et al. , 2011 Sugitani et al. 2011; Kusune et al. 2015) .
Scattered Radiation Field of GGD 27 IRS
Infrared sources in star-forming regions are usually associated with diffuse near-infrared emission, with the diffuse emission generally attributed to scattering of light from a central illuminating source. Such nebulosities, which show centrosymmetric patterns and large degrees of polarization, are called infrared reflection nebulae. Linear polarimetry can reveal infrared reflection nebulae associated with YSOs in starforming regions, as well as magnetic fields in dark clouds Kwon et al. 2010 Kwon et al. , 2011 Kwon et al. , 2015 . It has been suggested that there is a strong relationship between the presence of an infrared reflection nebula and CO bipolar outflow, and linear polarimetry of an illuminating source of CO bipolar outflows shows a polarization direction that is perpendicular to the outflow (Hodapp 1984; Sato et al. 1985; Tamura & Sato 1989) .
There is a notable infrared reflection nebula around GGD 27 IRS, characterized by both a high degree of polarization and a centrosymmetric pattern of polarization (see Figures 14-16 ). The fact that significant centrosymmetric patterns are observed around GGD 27 IRS implies that the amount of foreground dichroic extinction is small or patchy. Compared to previous studies, the deeper and wider near-infrared linear polarimetry presented here reveals the detailed morphology of GGD 27 IRS. The present polarization vector map exhibits a centrosymmetric pattern, indicating circumstellar matter such as envelopes or disks. The nebulosity is probably associated with the central source IRS 2 (see Figure 1) , which shows highly polarized light at long wavelengths. Interestingly, there are three nebulosity tails to the north of IRS 2, which are bent (see Figure 1 ). They may be associated with twisted local magnetic fields. In addition to the dominant illuminating source IRS 2, there are other centrosymmetric patterns around IRS 3 and IRS 4. The nebulosity around IRS 4 is particularly notable in the J band, which coincides with the optical nebulosity GGD 27. The aperture polarimetry of IRS 2 shows high degrees of polarization at JHK s . These likely originate from a compact circumstellar disk around this massive YSO. In fact this direction of the disk major axis, which shows elongation in the east-west direction (Yamashita et al. 1989) , is perpendicular to the radio jet. The direction of aperture polarimetry of IRS 2 is nearly parallel to the elongation of the dense molecular disk delineated by the circumstellar molecular emission (Yamashita et al. 1989) .
A color-color diagram for each pixel of the infrared nebulosity is presented in Figure 2 . In order to reject pixels having a low S/N, the nebulosity is only plotted in the regions between 70 pixels in the northern part and 40 pixels in the southern part of IRS 2. The polarized intensity images are from the region of the locus of classical T Tauri stars and Herbig Ae/ Be stars known to contain infrared protostars and Class I sources. The plots using Stokes I images are located in domain B, which is believed to contain pre-main-sequence stars with infrared excess emission due to circumstellar material. Therefore, the polarimetric data presented here are consistent with the hypothesis that the nebula represents scattered light from IRS 2, whose "intrinsic" colors are similar to those of Herbig Ae/Be stars with reddening and/or scattering (Tamura et al. 1997 ).
As mentioned above, the infrared reflection nebula around GGD 27 IRS shows both a high degree of polarization and a centrosymmetric pattern of polarization. However, the possibility of multiple illuminating sources in the vicinity of IRS 2 cannot be ignored because it is also highly polarized relative to other positions near the center of the pattern. Figure 17 shows an enlargement of IRS 2. Based on our polarization pattern, at least two illuminating sources, IRS 2 and IRS 7, can be suggested as the illuminating sources because polarizations are not always centrosymmetric around IRS 2. Note that IRS 7 is considered as a moderately deep embedded young star (Stecklum et al. 1997 ). Figure 18 presents Stokes V and I images showing a region of circular polarization in each band. Positive or negative patterns of circular polarization are especially evident in the northern part of GGD 27 IRS. The extent of the circular polarization is approximately 120″ (∼1.0 pc), larger even than the circular polarization region of ∼0.65 pc in NGC 6334-V (Kwon et al. 2013) . A similar pattern is seen in the K s and H bands, but it is clearest in the K s band and it is almost invisible in the J band. The pattern of circular polarization increases in clarity with increasing wavelength. Figure 19 is a K s -band circular polarization image. The degree of circular polarization in the GGD 27 IRS region is as large as 7%, which is well fitted for the relationship between luminosities and degrees of circular polarization suggested by Kwon et al. (2014) . Figure 20 shows Stokes I contours superimposed on the Stokes V image from Figure 18 , with the degree of circular polarization marked at various locations. The circular polarization pattern around GGD 27 IRS is typical of what is expected in a bipolar nebula (Kwon et al. 2014) , even though the circular polarization pattern is not simple due to its morphology. There are at least two pairs of positive/negative patterns in GGD 27 IRS. In Figure 21 , the geometry of GGD 27 IRS is sketched with an inner bright nebula particularly in the northern part and an outer faint nebula surrounding it. Based on the circular polarization images, two bipolar nebulae are expected in this region. One is a small and compact inner nebula, and the other one is a wider but faint outer nebula. This double-shell structure suggests that an episodic outflow event is associated with IRS 2 whose luminosity is ☉ L 2 10 4 (Yamashita et al. 1989) . Figure 22 shows that the mean polarization (averaged within one resolution element or larger area) still follows the luminosity-circular polarization relation of Kwon et al. (2014) , even though the degree of circular polarization is a little lower than expected by the relationship. Both the relatively large degrees of polarization and the quadrupole polarization pattern suggest that the origin of the observed circular polarization is likely to be dichoric, which is similar to that in the OMC-1 and NGC 6334-V regions (Fukue et al. 2009; Kwon et al. 2013 ).
Circular Polarization in the GGD 27 IRS Region
Note that in this paper we suggest that GGD 27 IRS consists of two bipolar nebulae, which could then account for the twoshell structure in circular polarization. Since the structure of an outflow cavity is always complex, high-resolution observations are necessary to confirm this issue. intrinsic polarization. For the 164 sources having d > P P 3 in all three bands, the wavelength dependence of the polarization is consistent with dichroic extinction. The local magnetic field in the northern GGD 27 IRS region is centered at approximately    45 18 , and the strength of the magnetic field projected on the plane of the sky is estimated to be ∼90 μG using the Chandrasekhar-Fermi method. 3. The polarization data indicate that an infrared reflection nebula is associated with GGD 27 IRS. That conclusion is consistent with previous studies, but more detailed and extended structures have been found here. 4. The circular polarization, which is as large as 11% in one pixel or 5.6 ± 3.1% over nine pixels, provides detailed images for this region and shows two overlapping outflows. The maximum extent of the circular polarization around GGD 27 IRS is approximately 120″ (1.0 pc), which is the largest extent ever observed. Combined with previous circular polarization measurements, the present data suggest the universality of extended (parsec-sized) left-and right-handed circular polarization zones in starforming regions. 
